Analytes separated by capillary zone electrophoresis are governed by ion migration. The study proposed a hybrid finite element and particle-in-cell method to simulate ion migration in the cross-channel capillary zone electrophoresis system. Different to the traditional numerical method, this method can be used to handle the migration of differently charged ions for complex geometry and boundary conditions. The research focuses on the arc effect on the migration phenomena of the positive and negative ions in the injection and separation process. The results indicate that arc effect can affect obviously the migration phenomena of analytes. In the injection process, the charged ions migrate not only faster into the separation channel but also more far away from the injection channel with increasing the corner arc radius. In the separation process, the zones of charged ions are wider and the time to completely separate is longer with increasing the corner arc radius. Consequently, as corner arc radius is larger, more time is needed to inject and separate charged ions. These findings have significant implications for design and control of capillary zone electrophoresis systems.
Introduction
Capillary zone electrophoresis (CZE) is a high efficiency analytical method to separate analytes based on their relative charge and size. The design and operation control of CZE systems have drawn great attention since the introduction of the micro total analysis system (µTAS) concept by Manz et al. (1) in 1990. In 1992, Harrison et al. (2) was the first to present CZE and sample handling system integrated on a planar glass chip. Then, the Harrison group (3) (4) (5) (6) presented a series of improvements in the instrumentation and experimental method for the device. Subsequently, the significance of CZE systems has grown further with the numerous experimental studies (7) (8) (9) (10) (11) (12) (13) in diverse application areas, including chemical, biological and medical analysis. Based on the above experimental studies, the different designs of CZE systems and the precise control strategies were developed. However, the fabrication processes for rapid prototyping and testing of new CZE system designs are slow and expensive. Considering the difficulties associated with performing experiments, analytical and numerical solutions can serve to reduce both the time and cost for development of CZE systems. The analytical studies of electroosmotic flow (EOF) in capillaries were studied by Burgreen and Nakache (14) and Rice and Whitehead (15) . A one-dimensional model of the CZE system was first present by Jorgenson and Lukacs (16) in 1981. Andreev and Lisin (17) investigated the effect of EOF profile on the separation efficiency in the CZE system by a one-dimensional mathematical model consisting of nonlinear partial differential equations. Dutta and Beskok (18) proposed two-dimensional analytical solutions of mixed electroosmotic/pressure driven flows in straight microchannels. In the past decade, analytical solutions for electrokinetic transport at the nano/micrometer scale have been developed in many studies (19) (20) (21) . Due to the complexity and nonlinearities of coupled phenomena, it is difficult to obtain analytical solutions except for certain simple cases. Therefore, numerical simulations are required to aid in the design, control and optimization of CZE systems. Patankar and Hu (22) performed a three-dimensional simulation of EOF in a cross-channel CZE system during the injection process based on a finite volume method. Ermakov et al. (23, 24) developed a two-dimensional numerical scheme to simulate electrokinetically driven mass transport in microfabricated channel structures by employing a finite-difference algorithm. Bianchi et al. (25) applied a finite element method (FEM) to simulating two-dimensional EOF in microscale T-junctions. Subsequently, there has been a growing interest in numerical simulation of electrokinetic transport in microchannels (26) (27) (28) (29) (30) (31) (32) (33) (34) . Traditional numerical models for describing the solute concentration distribution in CZE systems are generally by solving the concentration diffusion equation. However, the migration of differently charged analytes in CZE system cannot be characterized. Therefore, particle-in-cell (PIC) method, used to solve the trajectories of charged particles on a fixed mesh in plasma physics, is adopted in this study and well-documented in the literatures (35) (36) (37) . Using finite different method is difficult to achieve the purpose of getting accurate results for complex geometry and boundary conditions in CZE systems, so this study applies a FEM to solving the governing equations. Consequently, the hybrid FEM and PIC method is used to discuss the arc effect on the migration and separation of the differently charged ions in this study. The numerical results provide useful insights into the development of CZE systems. 
Nomenclature

Mathematical Model
The geometry of the cross-channel CZE system consists of two cross microchannels and four reservoirs numbered 1-4 in this study, as shown schematically in Fig. 1 . In the injection process, the EOF of the solvent is driven from reservoir 1 to reservoir 2 by applying an electric potential between reservoirs 1 and 2. In the subsequent separation process, the EOF of the solvent is driven from reservoir 3 to reservoir 4 by applying an electric potential between reservoirs 3 and 4. In Fig. 1, arc r denotes the corner arc radius of two cross microchannels and D l denotes the length between injection channel and detection point in the cross-channel CZE system. The distribution of the electric potential can be decomposed into a potential due to the external electric field and a potential due to the charges on the wall. The dimensionless electric potential  induced by the external voltage  is calculated by
The boundary conditions in the injection process are given by
In the separation process, the Eq. (2) is substituted by 5 . 0
(4) Fig. 1 Schematic illustration of the cross-channel CZE system.
Using the Debye-Hückel linear approximation (22) , the dimensionless electric potential  induced by the charges on the wall is obtained by
The boundary conditions are given by
The dimensionless continuity and momentum equations of the incompressible EOF (22) are given by
where
and
These dimensionless governing equations are derived by scaling the length by the channel width h , the electric potential  by the external voltage  , the electric potential  by the zeta potential  , the velocity EOF V by H
 
, and the pressure p by hH  .
Numerical Scheme
In this study, an algorithm based on FEM using linear triangular elements is applied to solving the dimensionless governing equations. Based on a grid independent study carried out the results within 1% of each other finer mesh, the computational domain is discretized into unstructured triangular elements with 132230 triangles when 1 . 0 R arc  . As shown in Fig. 2 , the mesh is fine close to the walls and coarse towards the center of channel for capturing the influence of the electric double layer (EDL) near the walls (a) close-up view of the intersection region (b) close-up view of the corner region Fig. 2 Finite element grid system applied to the cross-channel CZE system when the corner arc radius,
The PIC method is used to simulate the migration of the differently charged ions within the solvent in the cross-channel CZE system. The simulation procedure is divided into five steps and described as the following.
The first step is to compute the electric charge density of each nodal point. As shown in Fig. 3 , the computational domain is discretized into three-node triangular elements. When the charged ion is located at point P within the triangular element enclosed by three nodal points 1, 2, and 3, the electric charge density of the nodal point i , ei  , is calculated by the portion of shaded area within the element, i A , as the following relationship:
The second step is to compute the dimensionless electric field  induced by the external voltage  . After the electric charge density, ei  , is solved in the first step, the dimensionless electric potential  is computed by substituting ei  into Eq. (1) subject to the boundary conditions Eqs. (2)~(3) in the injection process. In the separation process, the boundary condition Eq. (2) is substituted by Eq. (4).
Journal of Thermal Science and Technology Fig. 3 Distribution of charged ion to three nodal points. The charged ion is located at point P within the triangular element enclosed by three nodal points 1, 2, and 3.
The third step is to compute the dimensionless electric potential  induced by the charges on the wall. In this step, the dimensionless electric potential  is computed by Eq. (5) subject to the boundary conditions Eqs. (6)~(7).
The fourth step is to compute the dimensionless flow field in the cross-channel CZE system. Substituting the dimensionless electric potential  and  , respectively solved in the step 2 and 3, into Eq. (9), the dimensionless velocity of the EOF, EOF V , is computed by Eqs. (8)~(9) subject to the boundary conditions Eqs. (12)~ (16) . The fifth step is to compute the new position of each charged ion. Due to the weak solute concentration in CZE systems, the effect of collisions between the ionic solutes can be neglected. The mobility of the ions is a key parameter governing migration of ions in CZE systems. It can be distinguished into absolute, actual, and effective mobility (38) .
Experimentally, in the nonaqueous solvent, acetonitrile (MeCN), the migration of the tetraphenylphosphonium cation (Ph 4 P + ) and tetraphenylborate anion (Ph 4 B -) is consistent with absolute mobility (39) . Based on absolute mobility (38) , the dimensionless velocity, ion V , is given by the balance between the electric field force acting on the charged ion and the retarding frictional force as the following:
The electric field intensity acting on the charged ion, ion E , in Eq. (19) is distributed by the electric field intensity at nodal points 1, 2, and 3 as shown in Fig. 3 . The relationship can be expressed as the following:
where the electric field intensity at the nodal point i , i E , is computed by the relationship in electrodynamics as the following
The new dimensionless position of the charged ion within the solvent,
where the dimensionless velocity of the charged ion within the solvent, s V , is the sum of the dimensionless velocity of the EOF, EOF V , and the dimensionless ion velocity, ion V , as the following:
and the dimensionless time step t  is determined by (22) Re Z -1 -
Results and Discussion
In the following sections, the arc effect on the migration of the positive and negative ions in the cross-channel CZE system has been studied in the both injection and separation process. This study discusses three cases of the corner arc radius, i.e. 
Charged ion migration in the injection process
In the injection process, the reservoirs 1 and 2 are applied the values of electric potential 1 and 0, respectively. At the same time, the reservoirs 3 and 4 are both applied the value of electric potential 0.5. These conditions induce the EOF of solvent to transport the differently charged ions from reservoir 1 to reservoir 2.
For the cases of the different corner arc radii, substituting the above conditions into Eq. (1) yields the electrical potential field  induced by external voltage in the cross-channel of the CZE system as shown in Fig. 4 . The electric potential  is linear variations in the center of the injection channel and only small variations extended into the separation channel. Hence, the velocity of the EOF decreases when the EOF flows into the separation channel. With increasing the corner arc radius, the variation of electric potential  is smaller in the intersection region of the cross-channel CZE system. The results indicate that the velocity of the EOF in the intersection region is the smallest when 1 Rarc  .
Vol. 8, No. 3, 2013 Journal of Thermal Science and Technology For the cases of the different corner arc radii, the streamlines of the EOF are plotted in Fig. 6 . The streamlines of the EOF which extend into the separation channel show that the EOF carries the charged ions into the separation channel. With increasing the corner arc radius, the streamlines of the EOF extend more far away from the injection channel. The results mean that the charged ions are transported more far away from the injection channel by the EOF when 1 Rarc  . In the injecting process, the migration phenomena of the differently charged ions at the injection time 550 tin  and 600 tin  are plotted in Figs. 7 and 8 , respectively. The numerical results shown in Fig. 7(c) are consistent with the experiment study [9] . Specially, the migration phenomena of the differently charged ions can be shown clearly in this study. As shown in Eq. (23), the positive ions migrate faster than the negative ions because of the opposite sign of the ion velocity, ion V . The phenomenon can be also found in Fig. 7 . Due to the effect of the EDL, the positive and negative ions are respectively attracted to and repelled away the wall when the charged ions are within the EDL. Since the charged ions are transported into the intersection region by the EOF, the positive ions migrate more far away upper wall of the separation channel and the injection channel than the negative ions.
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With increasing the corner arc radius, the positive and negative ions migrate slower and more far away the injection channel. Fig. 6 Distribution of the streamlines of the EOF in the intersection region of the cross-channel CZE system. Note At the injection time 600 tin  , the positive and negative ions both migrate into the downstream of injection channel and accumulate in the separation channel, as shown in Fig.  8 . Further, the migration of the differently charged ions has significantly differences in the separation channel because of the different corner arc radius. The positive and negative ions migrate less to the separation channel and more far away the injection channel with increasing the corner arc radius. As a result, the zones of the positive and negative ions in the separation channel are the widest when 1 Rarc  . In addition, the few negative ions migrate into the separation channel at the injection time 550 tin  . Therefore, the injection time 600 tin  is a convenient time to switch the electric field to subsequent separation process. Vol. 8, No. 3, 2013 
+ Positive Ions
∆ Negative Ions Fig. 7 Distribution of the differently charged ions in the intersection region of the cross-channel CZE system at the injection time 550 tin  .
∆ Negative Ions (a) 0 Rarc  (b) 1 . 0 R arc  (c) 1 Rarc 
Charged ion migration in the separation process
In the separation process, the reservoirs 1 and 2 are both applied the value of electric potential 0.5, while the reservoirs 3 and 4 are applied the values of electric potential 1 and 0, respectively. The conditions induce the EOF of solvent to transport the differently charged ions from reservoir 3 to reservoir 4.
For the cases of the different corner arc radii, substituting the above conditions into Eq. (1) yields the electrical potential field  induced by external voltage in the cross-channel of the CZE system as shown in Fig. 9 . The variation of the electric potential  between the reservoir 3 and injection channel is larger than one between the reservoir 4 and injection channel. Also, there are only small variations extended into the injection channel. The results present that the velocity of the EOF between the reservoir 3 and injection channel is larger than one between the reservoir 4 and injection channel. With increasing the corner arc radius, the variation of electric potential  is smaller in the intersection region of the cross-channel CZE system. The results indicate that the velocity of the EOF in the intersection region is the smallest when For the cases of the different corner arc radii, the streamlines of the EOF are plotted in Fig. 10 . There is a little distortion of the streamlines of the EOF in the intersection region. The results mean that a few charged ions are carried into or from the injection channel. Therefore, most of the charged ions in the separation are directly carried into the downstream of separation channel by the EOF. With increasing the corner arc radius, arc R , the streamlines of the EOF are more curved in the intersection region. 
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The positive ions migrate faster than the negative ions in the separation channel at the separation time 10 tse  , as shown in Fig. 11 . Hence, the distinction between the zones of the positive and negative ions is clearly observed. With increasing the corner arc radius, the zones of the positive and negative ions are wider. Fig. 11 Distribution of the differently charged ions in the separation channel of the cross-channel CZE system at the separation time 10 tse  .
In order to realize the migration and separation phenomena of differently charged ions specifically, Fig. 12 plots the zoom areas of the separation channel in the differently corner arc radii and separation time. Due to the EDL near the wall, the negative ions migrate more near the wall than the positive ions and slow near the wall. With increasing the separation time, the zones of the positive and negative ions both become narrower because the migration velocity is decreasing when the differently charged ions migrate away from the intersection region. With increasing corner arc radius, the zones of the positive and negative ions need more time to separate. Figure 13 illustrates the intensity of the positive and negative ions in the separation process. The results show that the positive and negative ions separately accumulate at the sides of the each zone. The intensity of negative ions is higher than the intensity of positive ions because of the EDL. With increasing corner arc radius, the intensity of the positive and negative ions decreases at the sides of the zone. However, the intensity of the negative ions increases at the sides of the zone when 1 Rarc  because some negative ions migrate from the intersection region to the downstream of the separation channel. 
Conclusions
The study applies the hybrid FEM and PIC method to investigating the arc effect on the migration phenomena of the positive and negative ions in the cross-channel CZE system during the injection and separation process. The numerical results are congruent with the experimental observations. The results of this study point to several conclusions as follows: 1. The positive ions migrate not only more far away upper wall of the separation channel and the injection channel but also faster than the negative ions in the injection process. 2. The zones of positive and negative ions in the separation channel are wider and the amount of charged ions decreases with increasing the corner arc radius in the injection process. 3. The injection time 600 tin  is suitable for switching the electric field to subsequent separation process. 4. The positive and negative ions in the separation channel begin to migrate separately in group to separate into distinct zones and accumulate at the sides of the each zone in the separation process. 5. The zones of positive and negative ions are wider and need more time to separate with increasing the corner arc radius in the separation process. 6. The intensity of the positive and negative ions decreases with increasing corner arc radius and the intensity of negative ions is higher than the intensity of positive ions in the separation process. The results provide a foundation for faster analysis and design of CZE assays. Fig. 13 Intensity of the differently charged ions in the separation channel.
